Time-dependent and constituent-specific spectral changes in transient soft x-ray spectroscopy of an [Fe/MgO]8 metal/insulator heterostructure upon laser excitation are analyzed at the Fe L3-edge and the O K-edge with picosecond and femtosecond time resolution. While the transition metal edge exhibits an energy red-shift of the spectra for elevated electronic temperatures as well as for elevated phononic temperatures, the oxygen absorption edge of the insulator features a uniform intensity decrease of the fine structure at elevated phononic temperatures. All these differences in spectral signatures can be quantified by a simple simulation and fitting procedure presented here. Furthermore, by comparison with ab initio calculations, the intensity changes can be assigned to a transient lattice temperature for the case of MgO. * nico.rothenbach@uni-due.de † heiko.wende@uni-due.de arXiv:1911.06201v2 [cond-mat.mtrl-sci] 
I. INTRODUCTION
X-ray absorption spectroscopy (XAS) is a versatile tool to analyze the local electronic structure, the magnetic properties or the chemical environment of condensed matter in an element-specific and orbital-sensitive way. With the continuous development of x-ray sources, especially synchrotron radiation sources, XAS became one of the most powerful techniques to investigate the material properties in many different fields of science, including molecular and atomic physics, cell biology, life science, catalysis as well as nanotechnology [1] . Individual spectroscopic signatures in static x-ray absorption spectra have been proven to contain crucial information about the material properties of the investigated systems, ranging from structural information, like the bonding character of water in the bulk liquid phase [2] , to information about the magnetic properties and coupling mechanism between molecules and ferromagnetic films [3] . The availability of high-quality femtosecond (fs) x-ray sources like synchrotron femtoslicing sources [4] and xray free electron lasers [5] [6] [7] gave rise to a vastly increased number of studies of dynamic processes such as photosynthesis [8] or photocatalysis [9] and characterization of non-equilibrium states in condensed matter induced by (optical) laser excitation. However, the ability to truly extend the x-ray spectroscopy to the ultrafast timescale depends on a deep understanding of the non-equilibrium situation. For instance, while static x-ray spectroscopy is commonly used to disentangle the spin and orbital contribution to the total magnetic moment, the validity of the x-ray magnetic circular dichroism (XMCD) sum rules had first to be proven for highly non-equilibrium states [10] . Furthermore, the optical excitation and the attendant excitation and relaxation of electronic and lattice degrees of freedom can also influence the spectroscopic fine structures in a way which is so far not well understood. Hence, it is necessary to systematically investigate this pump-induced spectral changes for different timescales and materials. The Fe/MgO system investigated here has already been introduced as a model system for metal/oxide heterostructures in our previous work [11] . By a 50 fs, 266 nm laser pump pulse, the electronic system of the Fe constituent is excited exclusively. The highly nonequilibrium Fe electronic subsystem thermalizes within the first hundreds of femtoseconds by electron-electron scattering, and then redistributes the initial input energy via phononic processes among the heterostructure. An ultrafast energy transfer across the Fe-MgO interface has been identified which is mediated by high-frequency, interface vibrational modes. These modes are excited by the hot electrons in Fe and then couple to vibrations in MgO in a mode-selective, non-thermal manner. After several picoseconds, the electrons and a sub-set of the phonons are in mutual equilibrium. A second slower energy transfer process by acoustic phonons contributes to thermalization of the entire heterostructure. Finally, after 90 ps all the different phonon sub-systems are equilibrated and the complete heterostructure is close to its fully thermalized state [11, 12] . Due to the considerably larger specific heat of the lattice relative to the one of the electrons, the major part of the excess energy is then hosted by the phonon subsystems of the Fe-and MgOconstituent of the heterostructure. In this paper, we report on the associated constituent- specific pump-induced spectral changes in transient soft x-ray spectroscopy of a Fe/MgO heterostructure upon laser excitation with different fluences in the range of 8 − 25 mJ/cm 2 . A detailed investigation of the timedependent spectroscopic fine structures at the Fe L 3 -edge and the O K-edge on the relevant time-scales with picosecond and femtosecond time resolution is presented. For quantification of the effects, a simple simulation and fitting procedure of the pump-induced spectral features is introduced. Elevated electronic temperatures and equilibrated elevated phononic temperatures are found to induce an energy red-shift of the transition metal absorption edge. In contrast, the absorption edge of the insulator shows an uniform intensity decrease of the fine structures for a non-thermalized phonon system as well as for an equilibrated state of the complete heterostructure. This individual pump-induced changes linearly depend on the incident laser fluence. Thereby, our work demonstrates the sensitivity of transient XAS to lattice excitations in oxides. The resulting lattice temperatures are quantified by comparison with ab initio calculations.
II. METHODS
The investigated [Fe/MgO] 8 heterostructures were grown by molecular beam epitaxy on a 200 nm thick Si 3 N 4 membrane, which carries a 100 nm thick Cu heat sink on its backside in order to dissipate the excess energy deposited by the pump beam (see sample sketch in Fig. 1 ). The individual Fe and MgO layers are 2 nm thick, which was monitored during growth by a quartz-crystal and subsequently determined by x-ray diffraction. The sample preparation was carried out at a sample temperature of 400 K in a background pressure of 10 −10 mbar, excluding contamination of the individual deposited layers or oxidation of the Fe layers. Due to the use of the Si 3 N 4 membrane as a substrate the Fe and MgO layer stacks are polycrystalline. The Fe-MgO interfaces are considered to be atomically sharp as confirmed by interface sensitive Conversion Electron Mössbauer Spectroscopy, which showed that a potential intermixing of the constituents is limited to a maximum of one monolayer [11] . The investigated Fe/MgO heterostructure shows a MgO band gap of 7.8 eV, with the Fermi-level of Fe located close to the midgap position [11] , resulting in an effective charge transfer gap of ∆ = 3.8 eV between occupied Fe states and the MgO conduction band, as reported in [13] . Hence, laser excitation with a pump photon energy smaller than the bandgap of 7.8 eV provides a local pumping of exclusively the metal constituent. Although a hot electron mediated charge transfer upon absorption of an ultraviolet (UV) laser photon with an energy of ∆ ≤ hν < 7.8 eV is energetically possible, we reported previously [11] that the electron-electron scattering in the Fe constituent suppresses this transfer effectively, so that it is not observed in the experiment. For more details on the excitation scheme of the Fe/MgO system, see the Supplemental Material [14] . Time-resolved element-specific x-ray absorption spectroscopy experiments were performed at the Fe L 3 -edge and the O K-edge to obtain a local, constituent specific probe. Experiments have been performed at the FemtoSpex facility of BESSY II (beamline UE56/1-ZPM) operated by Helmholtz Zentrum Berlin [4] . We used 50 fs, 266 nm laser pulses with an incident fluence ranging from 8 to 25 mJ/cm 2 to induce the spectral changes in the metal/insulator heterostructure. For the picosecond time-resolved experiments we used soft x-ray pulses with 70 ps duration, while for the femtosecond time-resolved experiments we used 100 fs short soft x-ray pulses [4] , resulting in a total time resolution of 70 ps and 150 fs, respectively. The energy resolution was E/∆E = 500, resulting in ∆E ≈ 1.4 eV and ≈ 1.1 eV at the Fe L 3 -edge (≈ 710 eV) and O K-edge (≈ 540 eV), respectively. The temporal overlap of the femtosecond UV pump and xray probe pulses has been determined by an independent transmission experiment through a 20 nm thick Fe reference film. The first-principles x-ray absorption spectra of MgO were calculated within the Korringa-Kohn-Rostoker (KKR) multiple scattering approach using the SPR-KKR package [15, 16] . The ground state was obtained within the atomic sphere approximation (ASA) using the generalized gradient approximation of Perdew, Burke and Ernzerhof [17] for the exchange-correlation functional and an angular momentum expansion up to f-states (l max = 3). We used a dense energy-(800 energy points along the contour line) and k-mesh (11368 points in the irreducible Brillouin zone, corresponding to a 55 x 55 x 55 mesh in the full zone) and took into account states up to 47 eV above the Fermi level. The finite temperature modification of O K-edge x-ray absorption spectra arising from lattice dynamics was modelled in the framework of the alloy analogy model [18] using the coherent potential approximation (CPA) to describe the average scattering problem for a set of thermally displaced ions with 14 independent displacements. Their magnitude was obtained according to the average square displacements within the Debye model with an appropriate value for the Debye temperature of MgO, Θ D = 743 K. Concentrating on the impact of the lattice vibrations on the spectra, we kept the volume of the two atom primitive cell constant at a = 4.214Å, thus neglecting the effect of thermally induced lattice expansion on the spectra, which one may consider of minor importance on the short time scales considered here. Finally, we applied to all spectra a Lorentzian broadening with a width of 0.2 eV. For the accurate description of the O K-edge, core-hole corrections are necessary [19, 20] , which go beyond the approach described above. Therefore, we carried out additional calculations of the ground state spectrum for comparison. These take into account many-body corrections to describe the excitonic binding of the electron to the core-hole at a largely increased numerical cost in the framework of the G 0 W 0 -approach in combination with the Bethe-Salpeter equation (BSE) as implemented within the Exciting code [21] . The calculations were performed on the rock-salt MgO with a lattice constant of 4.21Å. A muffin-tin radius of 1.058 and 0.767Å was used for Mg and O respectively on a k-mesh (Gamma-centered) of 11 x 11 x 11 shifted by (0.09, 0.02, 0.04). The PBEsol [22] exchange-correlation functional was employed for the Kohn-Sham states and a total of eight unoccupied bands are considered in the independent particle (I.P.) approximation and the G 0 W 0 +BSE calculation [23, 24] for the absorption spectrum of the O K-edge. A Lorentzian broadening with a width of 0.55 eV is applied to the spectra.
III. RESULTS AND DISCUSSION
Exciting a Fe/MgO heterostructure with an ultrashort laser pulse leads to a highly complex relaxation process of the induced non-equilibrium state [11] as summarized in the introdution. To understand the associated changes in the spectroscopic fine structures, the results on the relevant time scales with picosecond or femtosecond time resolution are presented in this section: First, we present the pump-induced spectral fine structures after 90 ps when the entire heterostructure is equilibrated at an elevated phononic temperature. Second, we will compare these results with the ones on the sub-ps timescale. and after excitation with 50 fs laser pulses with 266 nm wavelength with an incident fluence of 25 mJ/cm 2 at a fixed pump-probe delay of 90 ps (so-called pumped spectra, dashed lines). At a first glance, the laser excitation does not influence the general shape of the unpumped spectra. For a closer look at the induced changes, the bottom half of Fig. 2 shows the differences of pumped and unpumped spectra at the two absorption edges. The pump-induced change at the Fe L 3 -edge exhibits a first derivative-like spectral signature, which corresponds to a red-shift of the pumped spectrum with respect to the unpumped one. In contrast, the pump-induced change at the O K-edge exhibits a different spectral signature which originates from a constant intensity change of the fine structures of the x-ray absorption signal. In order to quantify the size of the red-shift at the Fe L 3 -edge and the intensity decrease at the O K-edge, we simulated the pump-induced signal by the unpumped signal in the following way: We generated an artificial pumped spectrum (pumped * spectrum) by manually shifting the unpumped spectrum to smaller energies for the case of the Fe L 3 -edge or by manually decreasing the Fig. 2 ) describe the shape and strength of the measured changes over the whole energy range well. In the following we describe the two used methods for the different absorption edges in more detail.
Red-shift of the Fe L3 absorption spectrum
The procedure to simulate the pumped spectrum by energy shifting (Fe L 3 -edge) is shown explicitly in Fig. 3 . The optical excitation induces a uniform energy red-shift of the unpumped spectrum. Thus, the pumped * spectrum can be generated by solely shifting the measured unpumped spectrum without changing the shape or intensity. The pump-induced change can be deduced by dividing the pumped * spectrum by the unpumped spectrum and subtracting 1: ( pumped * /unpumped) − 1. In order to match this simulated pump-induced change for the complete energy range of the Fe L 3 -edge with the measured one (see Fig. 2 , bottom half, right) the energy shift is the only fitting parameter. For a fluence of 25 mJ/cm 2 we identified an energy shift of the Fe L 3 -edge of 31 meV. This observation of an energy shift upon laser excitation is in qualitative agreement with literature results for transition metal absorption edges in transition metal thin films [10, 25, 26] or ferromagnetic insulating thin films [27] . In agreement with the literature [25, 28] , the spectral changes we observe at the Fe L 3 -edge can be correlated to temperature effects. Transient changes with a similar spectral shape were previously observed for a wide range of excitations conditions, namely optical excitations leading to induced electronic temperatures from several hundred [26] to several thousand Kelvin [28] , as well as phonon excitation on longer timescales or were even caused by static heating [25] . Here, we find a similar magnitude for the transient red-shift than for elevated lattice temperatures in Ni [25] . We explain the occurrence of the transient spectral shift by the fact that in metallic Fe, the Fermi level is located within the valence band. Therefore, optically or thermally excited electrons or holes can redistribute during carrier thermalization, and different final states will be available in the x-ray absorption, leading to an energy shift of the spectra. In case of lattice excitations, the electronic temperature should be in equilibrium with the lattice temperature (Born-Oppenheimer approximation). This might explain the similarity of the shape of the transient spectral changes caused by electronic and lattice excitations in metals. At 90 ps, our entire [Fe/MgO] 8 heterostructure is equilibrated at an elevated lattice temperature, leading to a corresponding electronic temperature (broadened Fermi-Dirac distribution), which manifests itself in a red-shift of the absorption edge.
Intensity change of the O K absorption spectrum
In contrast to the procedure to simulate the pumped spectra by energy shifting at the Fe L 3 -edge, fitting the intensity decrease at the O K-edge requires a completely different approach, displayed in Fig. 4 . The top half of Fig. 4 shows again the measured unpumped and pumped O K-edge spectra as in Fig. 2 . It is clearly visible that there are definite crossing points of the unpumped and pumped spectra, which are marked by vertical lines. The crossing points define the limits of distinct energy windows where the pumped spectrum has either lower or higher intensity than the unpumped spectrum in this region as indicated by the arrows. The existence of the distinct energy windows is supported by theory, and will be discussed in the following subsection. Subtracting a linear base line, originating from linear interpolation of the crossing points, from the measured unpumped spectrum, results in the variation of the fine structure around the base line shown in Fig. 4 , bottom half. Multiplying the base line subtracted spectra with a constant factor decreases the intensity of the fine structure variation and, after adding the same base line, results in the simulated pumped * spectra. For a fluence of 25 mJ/cm 2 we identified an intensity decrease of the O K-edge with respect to the base line of 23 %. We want to stress that with this procedure again only one single factor has to be applied to fit the intensity in the entire energy range to the measured data (see Fig. 2 , bottom half, left). Moreover, this method offers the simplest way to describe the pumpinduced spectral changes of the insulating constituent of the heterostructure. As seen in the spectral signature of the pump-induced change and shown explicitly in the Supplemental Material [14] , the procedure of generating the O K-edge signal by red-shifting is not sufficient to describe the pump-induced changes in the spectra. The spectral changes we observe at the O K-edge upon laser excitation are in qualitative agreement with literature on LaCoO 3 [29] , where the corresponding O K-edge exhibits an intensity decrease of the fine structure. Similar to the transition metal absorption edge, the spectral change was related to changes on the spectra induced by elevated lattice temperature. [18, 30] (solid lines). With increasing temperature, the calculation shows an overall intensity decrease of the fine structures. There are well defined energy regions where the XAS at elevated temperature has lower or higher energy then the spectrum at lower temperature, indicated by the arrows. The inset compares the imaginary part of the dielectric function calculated (i) with DFT and many body perturbation theory (G0W0+BSE) and (ii) the independent particle approximation (both with the Exciting code) and (iii) from SPR-KKR T = 0 K calculations (ideal lattice positions). Curves (i)-(iii) are subject to the same Lorentzian broadening of 0.55 eV. Bottom half: Spectra generated from the 300 K spectrum according to the previously described (c.f., Fig. 4 ) simulation and fitting procedure (dotted lines), which match the corresponding finite temperature KKR-CPA spectra. The inset shows the observed linear relation between temperature change and intensity decrease. They were carried out with the alloy analogy model [18, 30] for different lattice temperatures, which supports our interpretation of the experimental data. For comparison we add accurate calculations carried out with the exciting code, which account for many-body corrections describing the interaction between the excited electron and the core-hole (see inset in the top half of Fig. 5 ).
DFT calculations
These modify the I.P. spectrum in particular at the onset of the edge, while the absorption at higher energies remains similar apart from small shifts of the features. Naturally the DFT approach applies to larger timescales beyond 50 ps. Here, the phonon systems of the individual layers and the entire heterostructure have equilibrated, making a description by a common lattice temperature feasible. Moreover, the equilibrated state of the heterostructure allows the comparison of the spectra of the O K-edge for bulk MgO and for the heterostructure. Changes in the vibrational density of states of MgO due to hybridization with Fe phonon modes at the interface occur for high energy phonon modes in the heterostructure. However, their influence is mainly restricted to the non-thermal, sub-ps energy transfer dynamics [11] . On the longer timescales analyzed here, the lower energy acoustic phonon modes play a main role. Matching with our experimental results, the calculation shows that with increasing temperature, there is no shifting of the spectra but that the overall fine structures decrease in their intensity. Moreover, the calculation demonstrates that there are indeed defined regions where the XAS at elevated temperature has lower or higher intensity then the spectra at lower temperature, thus verifying our simulating and fitting procedure (see Fig. 4 ). Consequently, we can relate the magnitude of intensity decrease to an induced lattice temperature change: Using the spectrum at 300 K, we generate the spectra at elevated temperatures by the same procedure. Fig. 5 , bottom half shows that the simulated spectra (dotted lines) match the calculated ones (solid lines) in intensity and shape reasonably well. The inset of Fig. 5 , bottom half summarizes the observed relation between temperature change and intensity decrease for all calculated temperatures, which has been fitted by a linear function. With this relation we can quantify the pump-induced effects observed in the experiment. However, it should be noted, that the calculated spectra show an increased broadening of the fine structures at elevated temperatures, which makes the simulation and fitting procedure less accurate the higher the temperature. Nonetheless, it is shown that the combination of our simulation and fitting procedure and the KKR-CPA calculations offer an easy but powerful possibility to analyze and quantify measured pumpinduced changes in an insulator. The intensity decrease of the O K-edge with respect to the base line of 23 %, measured for a fluence of 25 mJ/cm 2 resembles a lattice temperature change of 290 K. This temperature change is of the same order of magnitude as previous findings of an equilibration temperature of the heterostructure at pump-probe delays of > 5 ps, as estimated by ultrafast electron diffraction measurements [11] , where it was shown that a fluences of only 9 mJ/cm 2 yielded to a temperature change of ∆T MgO,>5 ps = (130 ± 10) K. The decrease of the O K-edge fine structures in the nearedge region seen in the experiment (Fig. 2 ) and theory ( Fig. 5 ) resembles a reduction of EXAFS oscilla- tions in the extended energy regime with temperature, i.e. with increasing thermal disorder. In the extended energy regime the EXAFS Debye-Waller factor e −2·σ 2 (T )·k 2 , with k being the the wave number of the photo-electron, describes the reduction of the fine structures with increasing temperature T by the increasing mean square relative displacement σ 2 (T ). As the near edge structures can also be calculated in a multiple scattering theory [31] , the simple approach to reduce the fine structures in the near edge regime by a factor used here appears plausible. Since the near edge regime is dominated by multiple scattering contributions, larger mean square relative displacements for these multiple scattering paths might be considered. We assume that the k-dependence i.e. the photon energy dependence of the EXAFS Debye-Waller factor does not play a role because of the limited energy range of about 30 eV investigated in the near edge regime in the present work. Because of this analogy to the description of thermal disorder in the EXAFS analysis by the EXAFS Debye-Waller factor, we can also understand that for the absorption edges of the insulator (O K-edge), elevated phononic temperatures do not induce an energy shift but an intensity decrease of the near edge fine structures.
B. Fluence dependence of the pump-induced changes with picosecond time resolution
As shown in Fig. 6 , we measured the pump-induced changes at the O K-edge (left) and the Fe L 3 -edge (right) for various laser pump fluences, ranging from 8 to 25 mJ/cm 2 . The size of pump-induced change, defined here as half of the peak-to-peak amplitude, shows a linear relation with the pump fluence (cf. Supplemental Material [14] ). The pump-induced changes exhibit the same spectral shape for all fluences. Hence, we can apply our individual fitting procedure for the different absorption edges for all the measurements. We can indeed successfully describe all of our measured spectra with the individual simulation and fitting procedures. We find that the size of intensity decrease (O K-edge), or red-shift (Fe L 3 -edge) depends linearly on the pumpfluence ( Fig. 6 Fig. 5 , bottom half), we are able to assign the observed intensity decrease at the O K-edge to an absolute temperature change. Table I summarizes the resulting relation between the pump-fluence, the intensity decrease with respect to the baseline and the temperature change for all of our measurements.
C. Comparison of the spectroscopic fine structures of the pump-induced changes with picosecond and femtosecond time resolution
In Fig. 7 we compare the pump-induced changes at the O K-edge (left) and Fe a similar spectroscopic structure over the entire energy range. Whether there are defined spectral differences at the two different pump-probe delay times is hard to tell due to the lower signal-to-noise ratio (SNR) of the fs spectra. Due to the overall similar structure of the spectra at the different timescales, the same individual fitting procedure as shown above for the picosecond spectra can be applied. However, the SNR makes it difficult, especially for the O K-edge, to evaluate the presented fs spectra with the introduced simulation and fitting procedures. We note that on < 2 ps timescales, the lattice excitation, while incoherent, is strongly non-thermal. This is due to preferential coupling of hot electrons in Fe with hybrid interface vibrational modes, which extend into MgO [11] . Therefore, a comparison of the pump-induced changes to calculations based on an enhanced lattice temperature in bulk MgO is inappropriate on these timescales, and we therefore do not attempt it here. However, we want to stress that the similarity of the relative pump-induced changes at a pump-probe delay time of 90 ps and on the sub-ps timescale indicates that transient XAS fine structures are sensitive to incoherent lattice excitation on all timescales. With suitable modeling or simulations that take the non-thermal phonon populations into account, we expect a great future possibility to not only characterize spectroscopic fine structures for a system which is in an equilibrated state but also for the highly nonequilibrated state. For both timescales, the spectral changes at the L 3edge are in agreement with previous results for transition metal thin films [10, 25, 26] , where the time-dependent red-shift of the metal absorption edge was correlated to an electron or respectively lattice temperature induced change on the spectra [25, 28] . Consequently, we corroborate, that for metal absorption edges, elevated electronic temperatures as well as elevated phononic temperatures have the same effect, namely an energy shift, on the spectra (see Fig. 7 , right). However, special care has to be taken comparing the absolute amount of red-shift for the different timescales, since for the sub-ps delay times the electrons and phonons are still in a highly nonequilibrium state. Within our experiment we do not observe any hot electron mediated charge transfer to the MgO constituent [11] . Hence, the measured pump-induced changes at the O K-edge for all times (see Fig. 7 , left) are of phononic origin. Therefore, it seems maybe not surprising that we see the same spectral changes at the O K-edge for both timescales. As discussed above, we note that the changes observed for the sub-ps delay time are driven by a non-thermalized phononic subsystem, whereas the changes observed for 90 ps originates from an equilibrated state of the complete heterostructure. In different oxides like LaCoO 3 , qualitatively the same spectral change of an intensity decrease of the fine structure upon laser excitation at the O K-edge [29] has been observed. We believe that our findings of the spectral changes at the Fe L 3 -edge and the O K-edge may serve as an exemplary model for the laser induced changes at transition metal absorption edges and the absorption edges of insulating oxides.
IV. CONCLUSION
In conclusion, we reported the spectral changes in XAS of a metal/insulator heterostructure upon laser excitation. For transition metal absorption edges both elevated electronic temperatures and elevated phononic temperatures induce an energy red-shift of the spectra. In contrast, for the absorption edge of the insulator an elevated phononic temperature manifests itself in a uniform intensity decrease of the fine structure. In order to quantify these changes, both spectral signatures can be simulated and fitted by a simple procedure. For all incident laser fluences of up to 25 mJ/cm 2 the pump-induced changes show a linear dependency on the pump fluence. Our work demonstrates the sensitivity of transient XAS to phonons. Similar modeling might in the future be exploited to analyze and quantify the nature of lattice excitations also under conditions of phonon non-equilibrium, where a description by a common lattice temperature is not applicable.
